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D-instantons of Type IIB string theory are Ramond-Ramond counterpart of Giddings-Strominger 
wormholes connecting two asymptotic regions of spacetime. Such wormholes, according to Cole- 
Q_i| man, might lead to spacetime topology change, third-quantized baby universes and probabilistic 
determination of fundamental coupling parameters. Utilizing holographic correspondence be- 
tween AdSs x M5 Type IIB supergravity and d = 4 super Yang-Mills theory, we point out 
that topology change and sum over topologies not only take place in string theory but also are 
required for consistency with holography. Nevertheless, we argue that the effects of D-instanton 
wormholes remain completely deterministic, in sharp contrast to Coleman's proposal. 
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One of the most vexing problems in quantum gravity has been the issue of spacetime topol- 
ogy change: whether topology of spacetime can fluctuate and, if so, whether spacetime of 
different topologies should be summed over. Any positive answer to this question would bear 
profound implications to the fundamental interactions of Nature. For example, in Coleman's 
scenario PJ of baby universes , fluctuation of spacetime topology induce third quantization of 
the Universe and effective lon-local interactions thereof 0. As a result, the cosmological constant 
is no longer a calculable, deterministic parameter but is turned into a quantity of probabilistic 
distribution sharply peaked around zero. Likewise, all other physical parameters are renor- 
malized into quantities of probabilistic distribution 0. While the original Coleman's scenario 
was based on a Universe with positive cosmological constant, the topological fluctuation ought 
to persist to Universes with zero or negative cosmological constant. For instance, within sad- 
dle point approximation of Euclidean quantum gravity, Carlip |7j has argued that topology 
of the spacetime with negative cosmological constant is dominated by those with extremely 
complicated fundamental groups only yet having exponentially growing density of topologies. 

String theory is the only known consistent theory of quantum gravity. As such, it would be 
desirable to address the issue of spacetime topology change within string theory and draw some 
definitive answers. The questions one would like to understand are: does spacetime topology 
change? what is the rule of summing over topologies? do topological fluctuation lead to third 
quantization of the Universe? are fundamental physical parameters distributed probabilistically 
rather than deterministic quantites? 

In this paper, utilizing holographic principle [§, |9| that underlies string theory and conse- 
quent correspondence between anti-de Sitter string vacua and boundary conformal field theories 
10, ITU , we argue that some answers (albeit being only qualitative and technically limited) to 



the above questions can be obtained. In doing so, for the sake of concrete setup, we will restrict 
the entire foregoing discussions to semi-classical limit of Type IIB string theory on AdS§ x S5. 
We will find that the holographic correspondence of the AdS$ Type IIB string vacuum to large 
N limit of M = 4 super Yang-Mills theory implies that (1) topology change does occur, (2) 
different topologies should be summed over, yet (3) only 'tree-level' processes of third quan- 
tization take place, and (4) no probabilistic distribution of physical coupling parameters is 
induced. 

The argument is extremely simple. Among the quantum solitons in Type IIB string theory is 



the D-instanton |L2[ carrying Ramond-Ramond axion charge. As observed in |L2] already, the D- 
instantons are nothing but Ramond-Ramond counterpart of wormholes (Euclidean gravitational 

2 Prior to Coleman's proposal, topology fluctuation and possible loss of quantum coherence have been raised 
by Hawking (3), Lavrelashvili, Rubakov and Tinyakov j|, and Giddings and Strominger Q. 

3 Similar conclusions have been drawn by Giddings and Strominger M. 
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instantons with axion charge) considered by Giddings and Strominger |13] previously []. In string 
frame, these D-instantons are Einstein-Rosen bridges connecting two asymptotic Euclidean 
spacetime, through which dilaton and RR axion field vary monotonically. 

Consider a D-instanton in AdSs Type IIB string background. The configuration has been 
studied recently []rjj [D| and we repeat some aspects needed for foregoing discussions. After 
Wick rotation to Euclidean spacetime, covariant Type IIB equations of motion read 
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Here, F$ denote self-dual 5-form field strength and 0, a are Type IIB dilaton and (Wick rotated) 
Ramond-Ramond axion fields. The complex field r = (a/2ir) + ie~^ transforms as a doublet 
under Type IIB SL(2, Z) duality. The AdS$ x S$ corresponds to the Type IIB background with 
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Here, (x, U) and f2 5 parametrize Euclidean AdS$ and S§, respectively, and R denotes the radius 
of curvature of both AdS^ and 5*5. As the background is non-dilatonic (i.e. dilaton is constant), 
the spacetime geometry is the same for both string and Einstein frames. In the low-energy and 
strong 't Hooft coupling limit, a' — » and g st N ^> 1, the string theory is well approximated by 
AdS$ supergravity. 

The D-instanton is a |-BPS configuration satisfying the first order relation: 

dr 2 = ±dn; d(e~^ - e~^) = ±d(a - a^). (3) 

Clearly, contribution of the D-instanton to the energy-momentum tensor vanishes identically 
and hence the spacetime geometry in Einstein frame remains AdS^ x S5. The D-instanton 
configuration is then specified uniquely by a harmonic function = {er — e^°°), which solves 
the Laplace equation on AdS$ x S 5 . For homogeneous configuration on S 5 , the solution is given 
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4 To be more precise, there is a slight distinction between the Gidding-Strominger wormholes and D- 
instantons. The wormhols considered by Giddings and Strominger are necessarily non-extremal NS-instantons 
whereas the D-instantons we will consider throughout this paper are extremal. 



The instanton is centered at (L/o> x o) in AdS 5 (]. Consequently, the dilaton and the axion fields 
are no longer constant but varies over the spacetime. Hence, it is more natural to describe the 
spacetime geometry in the string frame: 



^string = a'\/H- 
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Because of the harmonic function factor in front, it is straightforward to see that the spacetime 
in string frame takes precisely the (Euclidean form of) Einstein-Rosen bridge connecting two 
asymptotic AdS§ x 5*5 regions at U ~ 0, oo. The D-instanton carries RR-axion charge iV_i, 
which is quantized according to Dirac-Schwinger condition in units of inverse charges of Type 
IIB D7-branes. 

We have seen that, in many respects, the D-instantons in AdS$ x S$ background behaves 
as Giddings-Strominger type Euclidean wormholes. Being so, one might consider semi-classical 
limit of Type IIB string theory in AdS$ background and ask whether Coleman's scenario of baby 
universes can be realized. Suppose we place dilute gas of D-instantons on the AdS$ background 
(which will be referred as 'base universe'). The effects of D-instanton wormholes are then 
computed in the standard way. The Type IIB supergravity fields are written as background 
fields, slowly varying on the string scale, and the D-instanton wormholes are placed in them. 
The integration over all possible D-instantons would then produce an effective interaction of 
the background Type IIB supergravity fields on the base AdS$ universe. 

There are several possible combinatorics of D-instanton wormhole configurations. One pos- 
sible configuration is to branch off a baby AdS§ universe from the base AdS§ one. Another 
possibility is that, if at all allowed, the two ends of D-instanton wormhole are attached both 
to the base AdS 5 universe. From the third quantization point of view, the first possibility 
corresponds to a tree-level process, while the second one is a loop-process. 

Taking into account of effective interactions produced by both combinatorics of D-instanton 
configurations, the resulting low-energy Type IIB supergravity action on the base AdS 5 universe 
takes the form: 



S eS = S + J2 [ d'xddix) + W / d 5 xd 5 y CuOj^Ojiy) + ■■■ 

j JAdS 5 xS 5 J J AdS 5 xS 5 



(6) 



Here, Oj denote the supergravity local operators and Cj, Cjj are numerical coefficients that 

encode the D-instanton wormhole combinatorics: the C/'s are due to tree- level processes and 

the C/j's are due to loop-level processes respectively. 

As in the Coleman's scenario |T| of baby universes, an important point is that the coefficients 

C/j's are independent of locations of operator insertion on AdS^. Being induced by the second 

5 D-instanton configuration centered at generic point in AdS§ is found by JiiJ (See also (l4)). It is also 
important to keep the asymptotic values of the dilaton and the Ramond-Ramond axion fields to those of gauge 
coupling and ^-parameter of the super Yang-Mills theory at the boundary 



possibility mentioned above (i.e. loop-level processes), this class of effective interactions would 
then give rise to non-local effects to the low-energy Type IIB supergravity. Should the non- 
local, loop-level processes are permitted, then physics of semi-classical Type IIB string theory is 
described by a probabilistic distribution of physical coupling parameters. Introducing coherent 
state parameter a/s, one can re-express 

exp ( - Sea) = (exp(-S , nB [a])) a , (7) 

( 1 
A) a = j [Y[d ai ]A exp[- -Kucuaj), (K u Cj K = 5 IK ), (8) 



where 



and 

SiibH = S + Y,{Ci + «/) / d 5 xO(x). (9) 

j JAdSsxS 5 

In fact, from the third quantization point of view, integration over the coherent state a- 
parameters corresponds to taking into account of loop processes. In the resulting low-energy 
supergravity action Eq.(|9]), the second term clearly indicates that physical coupling parameters 
are not deterministic but take probabilistic distributions with respect to the third-quantization 
a/-parameters. While string theory itself does not have any adjustable parameters, third quan- 
tization of the universe ought to lead effectively to infinitely many parameters that would only 
be determined by probability distribution. To many, this is quite an alarming allegation (See, 
for example, 



We are thus led to ask back the question: are such non-local, loop-processes indeed possible 
in string theory? | We now would like to argue that holographic principle does not permit 
them at all. 

Recently, Banks and Green [lTj and Witten |18| have identified that the D-instantons lo- 



cated in the AdS 5 space as, once holographically projected to the boundary, BPS instantons of 
the d — A,J\f — 4 super Yang-Mills theory. Being conformally invariant, the super Yang- Mills 
theory does not pose any strong infrared fluctuations. As such, at all energy scales, the Yang- 
Mills instantons are well defined BPS configurations with quantized topological charges. The 
coordinates of D-instantons on AdS$ are holographically mapped to collective coordinates to 
the position and the size of the Yang-Mills instanton at the boundary. Integration over the po- 
sition d 5 x of a D-instanton in the bulk of AdS$ matches precisely to the conformally invariant 
collective coordinate measure UfidUoWxo of the Yang- Mills instanton (See Eq.(4)) ft Fur- 
thermore, as has been shown explicitly fllT , |I9| , the tree-level branching-off processes of dilute 



6 which we have tacitly assumed to be so in deriving Eq.(8). 

7 Collective coordinates associated with the global gauge degrees of freedom are expected to get lifted at 
strong 't Hooft coupling, as SUr(4:) R-symmetry is non-anomalous and index theorem does not protect these 
zero modes from being lifted. See the discussion of p7y. 
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D-instantons yielding 1Z 4 interactions (and others related by supersymemtry, for example, six- 
teen fermion interactions) is precisely mapped to the Yang-Mills instanton induced correlators 
at the boundary. 

Using the above holographic relation between D-instantons on AdS§ and Yang-Mills instan- 
tons at the boundary and our knowledge of instanton physics in conformally invariant super 
Yang-Mills theory, we will now be able to argue that non-local, third quantization loop pro- 
cesses are impossible. Suppose, for the moment, that such processes are present. According 
to the holographic principle [§, we should identify the effective Type IIB supergravity on 
the bulk of AdS$ with the generating functional of boundary conformal field theory. Generic 
supergravity fields ip(U, x) are completely fixed by their boundary values ^^(x). The nature of 
this Dirichlet problem should equally work even if the wormhole-induced effective interactions 
Eq.(8) are considered. Hence, the relation between bulk and boundary correlators would now 
be generalized to: 

exp- 5cff = (exp- 5 ™ 1 ^ ) = ( exp~ J d4yip °° 6cFT ) . (10) 

\ / a \ I instanton 

On the right-hand side, the correlators in M = 4 super Yang-Mills theory are calculated in the 
background of Yang-Mills instantons. 

The correspondence Eq.flTOD poses severe consistency problem. Consider correlators of 
boundary conformal field theory, viz. M = 4 super Yang-Mills theory. Calculated from the 
right-hand side of Eq. ([[(]), super Yang-Mills correlators in the instanton background can be 
evaluated unambiguously from the standard instanton physics [[H], [Lj| and hence are completely 
deterministic. On the other hand, the correlators calculated from the supergravity side do de- 
pend explicitly on the third quantization a-parameters and thus take probabilistic distribution. 
As there simply is no room for probabilistic a-parameters in the J\f = 4 super Yang-Mills the- 
ory, should the holographic principle remain valid, the a-parameter dependence somehow out 
to be suppressed in the effective Type IIB supergravity on AdS^. Tracing back to the origin 
of the a-parameter dependence in Eqs.(7-9), this is possible only if the integration over the 
a-parameters are not present. This then follows if the D-instanton wormholes are not allowed 
to attach their both necks to the base AdS§ universe and consequently induce non-local, loop 
processes. 

Wonderfully, AdS^ background achieves this in a rather transparent way. Recall that the 
AdSs x 5*5 space is non-dilatonic, viz. the dilaton and the Ramond-Ramond axion fields are 
frozen to constant values throughout the entire AdS$ space. The D-instantons, once inserted to 
the AdSn space, would only induce local deformations of these fields around the instanton neck. 
On the other hand, in Eq.(3), we have noted that the dilaton and the Ramond-Ramond axion 
fields grows indefinetly at the center, at which it opens up another asymptotic AdS§ space (baby 
AdSs universe). Therefore, once one of the D-instanton neck is attached to the non-dilatonic 

5 



base AdS$ background, there is no way that the other end of the D-instanton wormhole can 
join back to the same base AdS$ background while maintaining smooth local deformations of 
dilaton and Ramond-Ramond axion fields. Even if one tries to invoke SL{2, Z) quotient of the 
dilaton and Ramond-Ramond axion fields, it is easy to see that smooth interpolation of these 
fields would not be possible in general . 

What about the tree-level process of D-instanton wormholes, for which only one side of 
the wormhole is attached to the base AdS$ space and the other end branches off a baby AdS§ 
universe? As the Yang-Mills instantons in the boundary conformal field theory is realized in the 
AdS / CFT correspondence by D-instantons on AdS§ |l7|, p~8|| , the D-instanton wormholes that 
are attached to the base AdS§ universe on their one ends (but not both) should be allowed and, 
in fact, are the only possible combinatorics. Once holographically projected to the boundary, 
each branch-off D-instanton wormhole represents a single Yang-Mills instanton. From these 
observations, viz. existence of well-defined Yang-Mills instantons and unambiguous calculability 
of their effects within super Yang-Mills theory, we can draw some answers to the question we 
have allued at the beginning provided we combine them with the holographic principle. First, 
since instanton-induced processes are present at the boundary conformal field theory, topology 
change induced by D-instantons should be permitted in AdS$ vacua of Type IIB string theory. 
In other words, there are changes of spacetime topology in string theory. 

Second, the cluster decomposition property of the Yang-Mills instantons at the bound- 
ary conformal field theory requires that arbitrary numbers of D-instanton wormholes on AdS§ 
should be considered to be consistent with holographic principle. This then implies that uni- 
verses of different topology (viz. different numbers of D-instanton wormholes on AdS§) should 
be summed over. The rule for summing over the topologies on AdS$ string vacua should not 
be arbitrary but rather be fixed precisely such that, once holographically projected to the 
boundary, the instanton-induced processes in super Yang-Mills theory are reproduced. 

Third, since dilaton and axion fields are fixed at the boundary and since Yang-Mills instan- 
tons of different sizes are completely independent, only one side of the D-instanton wormholes 
can be attached to the base AdS$ universe. The other ends open up baby universes with AdS$ 
geometries which asymptotically approaches a flat spacetime in string frame. On these 'baby' 
AdS 5 universes, the dilaton and axion fields are divergent. As was argued above, the baby 
AdSc, universes bear no effect to the base AdS$ space. This then implies that only tree-level 
processes of the third quantization take place and hence third quantization itself is unnecessary. 

Fourth, the Yang-Mills instantons induce completely deterministic correlators at the bound- 
ary. Holography principle then implies that the corresponding branching-off processes of the 

incidentally, since the argument relies solely on the fact that dilaton and Ramond-Ramond axion fields are 
constant throughout the anti-de Sitter space, the same conclusion can be drawn for other cases of AdS/CFT 
correspondence such as AdS3 x S3 associated with near-horizon geometry of D1-D5 branes. 
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D-instantons in the AdS§ bulk are also deterministic. From the third quantization point of 
view, since only tree-level processes are permitted, integration over a-parameters is unneces- 
sary. Henceforth, in Type IIB string theory, the topology change of spacetime is completely 
specified by the calculable coupling parameters (C/'s in Eq.(6)) and local operators (Oi(x) in 
Eq.(6)) in the effective supergravity theory. 

The resulting topology change processes in string theory would then look like schematically 
as in Figure 1. 




Figure 1: Topology change induced by D-instanton wormholes on AdS§ string vacua. Upon 
holographic projection, they reproduce instanton induced effects in Af = 4 super Yang-Mills 
theory. Note that the D-instantons should be interpreted as configurations in the Higgs branch. 



To summarize, we have shown that holographic principle draws an interesting picture to 
the issue of topology change in string theory. Not only topology change takes place but also 
should they be summed up. The way topology is summed up, however, is not arbitrary but 
should be deterministic so that, upon holographic projection to the boundary, the standard 
instanton effects in J\f = 4 super Yang-Mills theory are to be reproduced. This forbids any extra 
collective coordinates such as Coleman's a-parameter and hence no probabilistic interpretation 
either. As the argument does not rely on the energy scale of the super Yang-Mills theory, the 
conclusion should remain valid in the flat space limit of the anti-de Sitter space. Certainly, 
most immediate question is whether similar argument can be applied to situations where the 
cosmo logical constant vanishes exactly as, for example, in M(atrix) theory or take a positive 
value (cosmological vacua). 
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